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Abstract: Antioxidants exert contrasting effect on low density lipoprotein (LDL) oxidation catalysed by metals, acting as 
pro-oxidants under select in vitro conditions. Through our study on the effect of coffee on LDL oxidation, we identified 
the parameters governing this phenomenon, contributing to the comprehension of its mechanism and discovering 
significant implications for correct alimentary recommendations. By measuring conjugated diene formation, we have 
analysed the quantitative and qualitative effects exerted by an extract of roasted coffee on LDL oxidation triggered by 
copper sulphate. When the relative effects of different coffee concentrations were plotted against the lag time (LT) of 
control LDL (C-LDL), the apparently random experimental data arranged in sensible patterns: by increasing the LT the 
antioxidant activity of coffee decreased progressively to become prooxidant. The critical LT, at which coffee switches 
from antioxidant to prooxidant, increased by increasing coffee concentration. Also the contrasting results obtained 
following a delayed addition of coffee to the assay, arranged in a simple pattern when referred to the LT of C-LDL: the 
prooxidant effect decreased to become antioxidant as the LT of C-LDL increased. The dependence of coffee effect on the 
LT of C-LDL was influenced by LDL but not by metal catalyst concentration. These novel findings point to the oxidative 
state of LDL as a major parameter controlling the anti/prooxidant effect of coffee and suggest the LT of C-LDL as a 
potent analytical tool to express experimental data when studying the action exerted by a compound on LDL oxidation. 
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INTRODUCTION 

Oxidatively modified low density lipoprotein (LDL) has 
been found in atherosclerotic lesions of humans and 
experimental animals [1, 2], and multiple lines of evidence 
suggest that their oxidative modification may play an 
important role in the pathogenesis of atherosclerosis and 
coronary heart diseases [3, 4]. For this reason, it has been 
hypothesized that compounds able to prevent and or decrease 
LDL oxidation may have a beneficial effect in the prevention 
of atherosclerosis. The concept that antioxidants, as oc- 
tocopherol, |3-carotene and ascorbic acid, may prevent LDL 
oxidation and lower the risk to develop atherosclerosis is 
supported by several epidemiological and experimental 
studies [5-7]. However controlled clinical trials have so far 
failed to demonstrate correlation between increased 
antioxidants consumption and a lower risk of atherosclerotic 
disease [8-13]. Indeed, in some cases the risk increased in 
the groups that received antioxidant supplements [14-16]. 
Additionally, in vitro studies demonstrate that widely used 
antioxidants may, under certain conditions, exert a 
prooxidant effect on LDL oxidation [17-21]. On the whole 
there is a significant body of in vivo and in vitro evidence 
that questions the idea of a generalised beneficial effect of 
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antioxidants, cautioning against giving alimentary 
recommendations for disease prevention. 

It is of great interest to understand the details of the 
effects antioxidants have on LDL biochemistry as it could 
provide a rationale for a selective use of these compounds. 
The most frequently used method to assess the antioxidant 
potential of a compound is the in vitro LDL oxidation model 
derived from the method developed by Esterbauer and co- 
workers [22] to assess the oxidative state of native LDL. The 
original analytical procedure amplifies the very low initial 
oxidative state of LDL by a chain reaction: the trace amount 
of endogenous lipid hydroperoxide which is present in the 
lipid fraction, when exposed to transition metal ions such as 
copper, is oxidatively and reductively decomposed to 
organic radical species. This leads to the propagation of 
radical attack on the polyunsaturated fatty acids and to the 
formation of new lipid peroxides until the polyunsaturated 
substrates are consumed. Oxidation does not occur 
instantaneously; a lag phase is generally observed which is 
followed by the propagation phase. The extent of the lag 
phase (lag time) is utilized as a sensitive parameter of the 
oxidative state of LDL and of the resistance of LDL to 
oxidation [22] . When the test is conducted in the presence of 
an antioxidant the onset of the propagation phase is delayed 
and the lag time (LT) is increased compared to the control; 
the opposite phenomenon is observed in the presence of a 
prooxidant. This widely used, sensitive and easy 
spectrophotometric method, however, has some drawbacks 
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due to the difficulty in standardization, the time required, the 
limited number of assays that can be run. When testing 
multiple conditions is necessary to perform different 
experiments utilizing different control LDL (C-LDL); as a 
consequence, the results obtained frequently are of difficult 
interpretation and high variability. 

By utilizing the data acquired when studying the effect of 
a coffee beverage on LDL oxidation we attempted to create a 
standardized method to analyze the results obtained with this 
assay. The choice to use coffee beverage to study LDL 
oxidation was justified by the fact that this product has been 
found to exert strong antioxidant properties by virtue of its 
high content of melanoidins, polymers formed in coffee 
beans via Maillard reaction during the roasting process [23]. 
In the present report we show that, by analyzing the results 
as a function of the LT of C-LDL, both the quantitative and 
qualitative differences detected can be described by simple 
patterns. 

MATERIALS AND METHODS 

Preparation, Isolation and Extraction of LDL 

Blood was collected from fasted human volunteers by 
venipuncture into sampling vials containing EDTA. Plasma 
was prepared by centrifugation at 2000 g for 10 min a 4°C. 
LDL was isolated immediately by a very fast ultracentri- 
fugation [24]. LDL was passed through a Sephadex PD-10 
column equilibrated with PBS buffer (10 mM potassium 
phosphate, pH 7.4, containing 0.15 M NaCl) to remove 
EDTA and other interfering compounds. 

Conjugated Dienes 

The total cholesterol of the salt-free LDL sample was 
determined with the CHOD-PAP enzymatic test kit 
(Boehringer, Mannhein, Germany) and the concentration 



was adjusted with PBS buffer (pH 7.4) to 80 (ig/ml of 
cholesterol. LDL samples (1ml) were added with 2 (ig/ml 
roasted coffee at 30°C prior to the initiation of oxidation by 
1 uM copper sulphate. The conjugated dienes were 
monitored at 234 nm at 3 min intervals for a period of 9 h. 
The kinetic of LDL oxidation are characterized by the LT. 

Coffee Solution Preparation 

Light roasted coffee powder {Coffea Robusta 50 % and 
Coffea Arabica 50 %) characterised by a color test Neuhaus 
of 110 (CTN110), and a roasting loss of 14%, were obtained 
by a company joined the Cost Action 919 "Melanoidins and 
Health". Coffee solution was prepared at 1% by dilution of 
coffee powder in hot water immediately before use. 

RESULTS 

First we evaluated the influence exerted on LDL 
oxidation, triggered by 1 uM copper, by variable amounts of 
a coffee solution. The results reported in Fig. (1) show that 
different coffee concentrations may exert either an 
antioxidant or a prooxidant effect, in particular the lower 
concentrations tested were pro-oxidant whereas the highest 
was antioxidant. 

However, when a similar experiment was repeated with 
different LDL preparations, quantitative and qualitative 
differences in coffee activity were observed, as shown by 
some representative results presented in Table 1. The effect 
exerted by 0.5 (a.g coffee, for instance, could range roughly 
from 50% shortening to 150% lengthening the LT. Trying to 
find a rationale to such an inconsistent behaviour we 
expressed the data as a function of various parameters. When 
the relative coffee effects exerted by 0.5 \ig coffee in 
different experiments were plotted against the LT of C-LDL, 
the experimental data arranged in a sensible pattern (Fig. 2): 
by increasing the LT of C-LDL, the antioxidant activity of 
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Fig. (1). Cu 2+ catalysed LDL peroxidation: antioxidant and prooxidant effect of coffee. 

LDL (80 |ig cholesterol) from a single donor was incubated either without metal catalyst (line A) in the presence of 1 (ig coffee (line B) or 
with 1 |j,M copper sulphate in the absence (line C) or presence of different amounts of a coffee solution (line D 0.5 |ig, line E 1 |ig, line F 2 
p,g and line G 4 (ig of coffee per assay). LDL oxidation was followed by monitoring the change of the conjugated diene absorbance at 234 
nm. 
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Table 1. Cu 2+ Catalysed LDL Peroxidation: Effect of Coffee Concentration 8 
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''LDL (80 |ag cholesterol) from different donors were incubated with 1 (IM copper sulphate in the absence or presence of different amounts of a coffee solution (|lg of coffee per 
assay). LDL oxidation was followed by monitoring the change of the conjugated diene absorbance at 234 nm. The length of lag time is reported and expressed as percentage of the lag 
time of control LDL. 
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Fig. (2). Cu 2+ catalysed LDL peroxidation: effect of coffee concentration. 

The data reported in Table 1 and part of the data reported in Table 3 are presented. The length of the lag time obtained in the presence of 
coffee expressed as percentage of the lag time of control LDL was reported as a function of the lag time of control LDL. LDL (80 ug 
cholesterol) from different donors was incubated with 1 uM copper sulphate in the absence or presence of different amounts of a coffee 
solution: 0.5 (xg (♦), 1 ug (■), 2 |ig (A)and 4 |ig (•) of coffee per assay. LDL oxidation was followed by monitoring the change of the 
conjugated diene absorbance at 234 nm. 



0.5 \ig coffee progressively decreases to become prooxidant 
when the LT exceeds 110-120 min. When the effect of 
higher coffee concentrations was evaluated, similar patterns 
were observed although the "critical" LT, at which coffee 
switches from antioxidant to prooxidant, increases (Fig. 2). 
We also studied the influence of copper concentration on the 
effect of coffee. In Table 2 and Fig. (3) are reported the 
results obtained when three LDL preparations were 
incubated either with 1 or 4 \xM Cu 2+ in the absence and 
presence of 2 \ig coffee. 



Although the quantitative antioxidant effects of coffee 
appear to differ when assayed in the presence of the two 
copper concentrations (Table 2), no substantial difference 
was observed when the relative coffee effects were 
expressed as a function of C-LDL LT (Fig. 3). We also 
studied the influence of the time of coffee addition on LDL 
oxidation triggered by copper. In the experiments presented 
(Fig. 4), 1 [ig coffee, when added before copper addition, 
exerted mostly an antioxidant effect, although it 
quantitatively differed depending on the LT of C-LDL: as 
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Table 2. Cu 2+ Catalysed LDL Peroxidation: Influence of Cu 2+ Concentration on Coffee Effect 8 
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"LDL (80 |ig cholesterol) from different donors were incubated with either 1 or 4 |XM copper sulphate in the absence or presence of 2 |ig coffee. LDL oxidation was followed by 
monitoring the change of the conjugated diene absorbance at 234 nm. The length of lag time is reported and expressed as percentage of the lag time of control LDL. 
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Fig. (3). Cu 2+ catalysed LDL peroxidation: influence of Cu 2+ concentration on coffee effect. 

The data reported in Table 2 and part of the data reported in Table 1 are presented. The length of the lag time obtained in the presence of 
coffee expressed as percentage of the lag time of control LDL was reported as a function of the lag time of control LDL. LDL (80 ug 
cholesterol) from different donors was incubated with either 1 uM (A) or 4 uM (■) copper sulphate in the absence or presence of 2 ug coffee. 
LDL oxidation was followed by monitoring the change of the conjugated diene absorbance at 234 nm. 



previously observed, the shorter the lag time the stronger the 
antioxidant effect. However, if coffee addition was delayed 
10 min, the results obtained drastically changed but, once 
again, they depended on the LT of C-LDL. Coffee exerted a 
prooxidant effect whose intensity decreased to become 
antioxidant by increasing the LT of C-LDL (Table 3 and Fig. 
4). 

When, in the same experiments, 1 jag coffee was added 
after 30 min it almost immediately elicited the onset of the 
propagation phase. The only exception was the LDL 
preparation with the longer LT: in this case the LT was 
further prolonged by coffee delayed addition (Table 3). 

The influence of LDL concentration on coffee effect was 
also studied. The results presented in Table 4 indicate that 
the same concentration of coffee (1 jag) may be either 
antioxidant or prooxidant depending on LDL concentration 
in the reaction mixture. As shown in Fig. (5) the effect 



appears to be only partially related to the LT of the different 
LDL concentrations. In particular at LDL concentrations half 
and double that standardly utilized (80 itg cholesterol) the 
coffee effect diverges from the normal pattern, exerting, 
respectively, a more pronounced antioxidant or prooxidant 
action. 

DISCUSSION 

When studying the action of a compound and/or when 
comparing the effect of different compounds on LDL 
oxidation, great difficulties are encountered due to the 
variability in the results obtained in different experiments. 
Quantitative differences are normally observed and it is not 
infrequent to detect qualitative differences. While studying 
the antioxidant activity of soluble coffee, we observed 
similar variations. In different experiments, when the effect 
of a fixed concentration of coffee was studied, not only we 
observed quantitative differences in the relative antioxidant 
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Fig. (4). Cu 2+ catalysed LDL peroxidation: effect of the delayed addition of coffee. 

Part of the data reported in Table 3 and in Tables 1 and 4 are presented. The length of the lag time obtained in the presence of coffee 
expressed as percentage of the lag time of control LDL was reported as a function of the lag time of control LDL. LDL (80 |ig cholesterol) 
from different donors was incubated with 1 uM copper sulphate in the absence or presence of 1 itg coffee. Coffee was added either just before 
(■) or 10 min after (A) copper sulphate addition. LDL oxidation was followed by monitoring the change of the conjugated diene absorbance 
at 234 nm. 

Table 3. Cu 2+ Catalysed LDL Peroxidation: Effect of the Delayed Addition of Coffee" 
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''LDL (80 Lig cholesterol) from different donors were incubated with 1 [iM copper sulphate in the absence or presence of 1 Lig coffee. Coffee was added at the stated times. LDL 
oxidation was followed by monitoring the change of the conjugated diene absorbance at 234 nm. The length of lag time is reported. To the lag time of the assays conducted in the 
presence of coffee we subtracted the delay in its addition and the data were expressed as percentage of the lag time of control LDL. 



Table 4. Cu + Catalysed LDL Peroxidation: Influence of LDL Concentration on Coffee Effect 
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'Three concentrations (40, 80 and 160 p:g cholesterol) of LDL from two different donors were incubated with 1 |J.M copper sulphate in the absence or presence of 1 Lig coffee. LDL 
oxidation was followed by monitoring the change of the conjugated diene absorbance at 234 nm. The length of lag time is reported and expressed as percentage of the lag time of 
control LDL. 
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Fig. (5). Cu 2+ catalysed LDL peroxidation: influence of LDL concentration on coffee effect. 

Part of the data reported in Table 4 and in Tables 1 and 3 are presented. The length of the lag time obtained in the presence of coffee 
expressed as percentage of the lag time of control LDL was reported as a function of the lag time of control LDL. Three concentrations 40 
(A), 80 (■) and 160 (♦) jig cholesterol of LDL from different donors were incubated with 1 uM copper sulphate in the absence or presence of 
1 u.g coffee. LDL oxidation was followed by monitoring the change of the conjugated diene absorbance at 234 nm. 



activity but also qualitative differences (Table 1). However, 
through a detailed analysis of the data set obtained in 
different experiments we identified a relation between the 
LT of C-LDL and the effect of the coffee under test. When a 
fixed concentration of coffee is incubated with LDL in the 
presence of copper, (Fig. 2), both quantitative and qualitative 
differences between different experiments are shown to 
depend on the LT of the LDL: apparently the same coffee 
concentration is antioxidant when C-LDL have a short LT 
and eventually becomes prooxidant when C-LDL with long 
LT are utilized. Furthermore, the data presented in the same 
figure show that the effects exerted by increasing 
concentrations of coffee, in different experiments, follow 
similar patterns when related to the LT of C-LDL. With 
higher coffee concentrations, however, the curves are shifted 
towards a more effective antioxidant action and the C-LDL 
LT that switches coffee from an antioxidant to a prooxidant 
effect increases. Thus, C-LDL with short LT are protected 
from peroxidation by all coffee concentrations tested (0.5, 1, 
2 and 4 |ig) whereas, as the LT of C-LDL increases, coffee 
loses its antioxidant potential to become prooxidant, the 
lowest concentration being the most effective. Also the 
different quantitative effects (Table 2) observed in three 
different experiments and exerted by two different copper 
concentrations (1 and 4 u.M) in the presence of a fixed coffee 
amount (2 ug) follow the same pattern when referred to the 
LT of C-LDL (Fig. 3). We have also evaluated the influence 
exerted by the LT of C-LDL on the effect exerted by coffee 
when added at different time points after the triggering of 
LDL oxidation by copper. In fact, it was previously shown 
that antioxidants may become prooxidant also when added 
during the lag phase of copper stimulated LDL oxidation and 
in particular when added at late time points during oxidation 
[20-21]. Also in these experiments we obtained conflicting 
results (Table 3) which, however, followed a pattern when 
referred to the LT of C-LDL (Fig. 4). The pattern was 



particularly evident analysing the data obtained when coffee 
was added 10 min after the metal catalyst. The prooxidant 
effect exerted by the delayed addition of coffee decreases to 
became antioxidant as the LT of C-LDL increases. 
Apparently coffee is able to stimulate the oxidation already 
triggered by copper when C-LDL have a short LT whereas it 
counteracts oxidation of C-LDL with a long LT. The effect 
exerted by C-LDL LT on the delayed addition of coffee is 
confirmed by the results obtained when coffee was added 
after 30 min. Also in this case C-LDL with the longest LT 
was protected by coffee which was capable of delaying the 
onset of propagation, not only when compared to the control 
but also when compared to the sample where coffee was 
added at the beginning of incubation (Table 3). The data 
presented in Table 4 and Fig. (5) clearly demonstrate that not 
all experimental data can be pooled to obtain the pattern 
describing the action of coffee on LDL oxidation. In fact 
when LDL concentrations different from the standard are 
utilized, the coffee effect appears to be only partially related 
to the LT of C-LDL. In their complex the results presented, 
suggest the use of the LT of C-LDL as a potent analytical 
tool to express the data experimentally obtained when 
studying the action exerted by a compound on LDL 
oxidation. With this simple method, in fact, we were able to 
describe the pattern of coffee action on LDL oxidation 
triggered by copper by utilising most of the apparently 
different and, sometimes, conflicting data obtained during 
our study. We are at present testing the possibility of 
utilizing this method to compare the relative tendency of 
different compounds to affect Cu 2+ -catalysed LDL oxidation. 
The results obtained could be of great relevance for the 
standardization of the procedures for the assessment of the 
capacity of compounds to affect LDL oxidation. Besides the 
methodological interest, the results we have presented might 
be of some relevance also to furnish a rationale base for the 
comprehension of the various and contrasting effects exerted 
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by antioxidants on LDL oxidation both in vitro and in vivo. 
The use of LDL differing in their lag times might be, in 
some instances, responsible of the results described in vitro 
whereas the results obtained in vivo might be related to the 
LDL oxidative state of the different patients. If this was the 
case, the assessment of the LDL LT of a patient might 
possibly be not only a predictive index of a physio- 
pathological state but also a guide for an aimed nutritional 
approach. In the experiments presented, in fact, coffee 
exerted either a beneficial or detrimental effects on LDL 
oxidation depending not only on its concentration but also on 
the LDL oxidative state of the donor. In this context, the 
omission of measuring the oxidant/antioxidant status of 
people before undergoing antioxidant treatment has been 
contemplated as one of the causes accounting for the failure 
of antioxidant-based strategies in the prevention or treatment 
of cardiovascular pathologies [25]. Thus the oxidative state 
of circulating LDL should be probably considered when 
giving alimentary recommendations of the use of 
antioxidants to reduce cardiovascular risk. We also 
hypothesized a potential mechanisms that might be at the 
base of the relation between the LT of C-LDL and the 
antioxidant/prooxidant effect of a compound. In general, 
metal catalysed lipid peroxidation is a complex system 
whose kinetics is driven by chain initiation, propagation, 
branching and termination reactions. In particular the lag 
phase is related to the time required for the formation or 
accumulation of the peroxyl radical species responsible for 
initiating lipid peroxidation to such a degree that its reaction 
with lipid become dominant over all competitive reactions 
with other species present in the environment. In a simple 
phosphatidylcholine liposome model the LT is interpreted as 
the time needed to lower the concentration of the reduced 
form of the metal catalyst to such a degree that the peroxyl 
radical initiator can no longer be effectively suppressed by it 
and can reach the level at which its reaction with the fatty 
acid chains become dominant [26-28]. The LT is thus 
controlled by the lipid hydroperoxide content of the 
liposomes which, by reacting with the metal catalyst, affects 
its reduced to oxidized ratio. In this model system exogenous 
compounds can act either as antioxidant or prooxidant by 
affecting both the ratio between the reduced and oxidized 
form of the metal catalyst and the concentration of the 
peroxyl radical species responsible for initiating lipid 
peroxidation [27, 29]. In the case of LDL peroxidation, 
besides hydroperoxide, other endogenous compounds [30] 
may affect the reduced to oxidized ratio of the metal catalyst 
[31] and the concentration of the peroxyl radical species. As 
a consequence, the length of the LT of native LDL is already 
the outcome of the interplay of the effects exerted by the 
variable concentrations of these endogenous compounds 
within the LDL and, for this reason, may be variable. In this 
light it is not surprising that addition of an antioxidant may 
have qualitatively and quantitatively different effects on 
LDL peroxidation depending on the LDL oxidative state 
testified by the length of its LT. 
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